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Abstract 

X-rays  damage  organic  materials.  The  relative  importance  of  the  X-rays 
themselves,  and  of  both  X-ray-generated  and  secondary  electrons,  in  this  damage 
was  explored  using  self-assembled  monolayers  (SAMs)  on  multilayer  thin-film 
supports.  The  substrates  were  prepared  by  depositing  thin  films  of  Si  (0,  50,  100 
and  200  A)  on  thick  layers  of  Au  (2000  A);  these  systems  were  supported  on 
chromimn-primed  silicon  wafers.  Trifluoroacetyl-terminated  SAMs  were 
assembled  on  these  substrates  and  the  samples  irradiated  with  monochromatic 
A1  K<x  X-rays.  The  fluxes  of  X-rays  to  which  the  different  samples  were  exposed 
were  the  same,  but  the  fliixes  and  energy  distributions  of  the  electrons  generated 
by  iT'teractions  of  the  X-rays  with  the  substrates  differed.  The  loss  of  fluorine  from 
the  SAMs  was  followed  by  XPS  and  was  slower  on  substrates  emitting  a  lower  flux 
of  electrons.  This  observation  indicated  that  the  electrons,  and  not  the  X-rays 
themselves,  were  largely  responsible  for  the  damage  to  the  organic  monolayer 
films  that  res\ilted  in  loss  of  fluorine  from  them. 
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X-rays  damage  organic  materials  (i).  This  damage  can  either  limit  their 
utility  or  provide  the  basis  for  useful  technologies  (e.g.  X-ray  lithography  (2,3)  or 
radiation  cross-linking  of  polymers  (3)).  Understanding  the  mechanisms  of  the 
damage  accompanying  exposure  to  X-rays  is  helpful  in  designing  materials  and 
environments  in  which  this  exposxire  yields  the  desired  results.  A  basic  tenet  of 
areas  of  technology  involving  X-ray  processing  has  been  that  X-rays  do  not 
interact  strongly  with  matter  (4)  and  should  effect  little  damage  to  materials;  the 
photo-generated  primary  and  secondary  electrons  interact  more  strongly,  and 
have  been  postulated  to  be  the  damaging  species  (5). 

We  and  others  (6)  have  recently  begun  to  explore  the  mechanisms  of  X-ray- 
induced  damage  to  organic  materials,  employing  as  samples  self-assembled 
monolayers  (SAMs)  on  metal  substrates  (7-9).  SAMs  are  well  suited  for  this 
study  because  they  allow  a  variety  of  organic  functionalities  to  be  incorporated 
into  monomolecular  films  having  well-defined  structures.  SAMs  can  be  easily 
generated  having  dimensions  of  interest  (10-40  A;  the  characteristic  escape  depth 
(10)  for  electrons  in  the  energy  range  encountered  —  ^  1.5  keV  -  is  20-40  A).  A 
range  of  substrates  can  be  derivatized  ^lsing  different  types  of  SAMs:  two  we 
employ  here  are  alkanethiolates  on  gold  (7),  and  alkylsiloxanes  on  silica.®>l0 
We  have  chosen  the  trifluoroacetyl  group  (CF3C02”)  as  a  probe  for  a  number  of 
reasons:  its  surface  concentration  is  easily  measured  by  XPS  (ii);  it  decomposes 
rapidly  when  irradiated  with  X-rays  (6);  it  is  easily  introduced  into  SAMs  (7,8); 
it  is  localized  at  the  monolayer-air  interface  and  analysis  of  the  concentration  of 
fluorine  in  the  SAM  is  not  complicated  by  the  presence  or  generation  of  other 
signals. 

In  this  report,  we  outline  a  study  of  the  rate  of  damage  to  trifluroacetyl  groups 
attached  via  an  undecyl  tether  (CF3C02(CH2)ii-)  to  the  surface  of  thin  (50-200  A) 
silicon  films  supported  on  gold.  The  objective  of  this  study  was  to  examine  the 
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relative  rates  of  damage  to  the  organic  components  of  the  system  -  the 
CF3C02-terminated  SAM  --  as  a  function  of  intensities  of  X-ray  photons  and  of 
electrons.  The  results  provide  direct  experimental  confirmation  that,  under 
conditions  relevant  to  technologies  such  as  X-ray  photolithography,  electrons  are 
responsible  for  the  majority  of  damage  in  one  representative  organic  system. 

The  electrons  measxired  in  this  study  include  primary  (photo-  and  Auger)  and 
secondary  electrons;  we  refer  to  these  collectively  as  electrons. 

To  vary  the  number  of  electrons  generated  by  interaction  of  the  X-rays  with  the 
support,  we  prepared  composite  substrates  (Figure  1)  comprising  materials  — 
gold  and  silicon  --  characterized  by  very  different  electron  yields  on  X-ray 
irradiation;  gold  produces  a  higher  electron  yield  than  silicon  {11).  To  generate 
intensities  of  electrons  at  the  CF3CO2  group  covering  a  range  of  values,  we  coated 
thick  films  of  gold  (-2000  A)  with  varioxis  thicknesses  of  evaporated  silicon  (50,  100 
and  200  A  as  determined  in  situ  using  a  quartz  crystal  microbalance;  each  ±10%). 
X-rays  are  not  significantly  attenuated  by  these  thicknesses  of  silicon  (4),  and 
the  number  of  X-ray  photons  in  the  gold  films  ~  and  thus  the  number  of  X-ray 
induced  photoelectrons  from  the  gold  -  is  similar  in  all  of  these  samples.  The 
electrons  generated  in  the  gold  are,  however,  strongly  scattered  by  the  silicon. 

To  confirm  the  structure  of  the  substrates,  we  used  Rutherford  Backscattering 
(RBS)  (12)  employing  3  MeV  He+2  for  independent  characterization  of  the 
thickness  of  the  silicon  overlayer.  Figure  2  shows  representative  spectra;  the 
signals  associated  with  silicon  (inset)  were  analyzed  U3)  and  thicknesses  of  50, 
105,  and  185  A  (values  estimated  to  be  ±10  A)  were  inferred  for  the  three  samples. 
The  width  of  the  peak  associated  with  gold  suggests  the  reproducibility  of  the 
thicknesses  of  the  multilayer  substrates  we  fabricate  (-±10%).  The  spectra 
confirm  that  neither  chromium  nor  bulk  silicon  are  localized  at  the 
substrate/vacuum  interface;  RBS  lacked  the  sensitivity  to  determine  whether  gold 


"Si/Si  (200  A)" 


"Si/Cr/Au/Si(nA)" 


Figure  1.  Schematic  illustration  of  the  structures  employed  in  these  studies.  The 
lines  denoting  interfaces  between  materials  are  not  meant  to  indicate  that  the 
interfaces  are  atomically  flat;  we  have  not  measxired  their  flatness.  The  lowest 
layers  of  Si  represent  Si(lOO)  wafers  (-0.5  mm  thick)  on  which  the  assemblies 
were  supported;  the  other  layers  of  Si  were  prepared  by  evaporation  and  are 
probably  amorphous.  The  evaporated  films  of  Si  contain  a  layer  of  Si02  (not 
shown)  of  xmdetermined  thickness  (but  probably  -15  A).  Chromium  was 
employed  as  an  adhesion  layer  between  the  Si  wafer  and  gold. 


Figure  2.  Rutherford  backscattering  (RBS)  spectra  of  Si/Cr/Au/Si  substrates  for 
different  thicknesses  of  the  silicon  overlayer.  The  substrates  were  prepared  by  the 
sequential  evaporation  onto  the  surface  of  a  silicon  wafer  (Si(lOO)  with  -15  A  of 
native  oxide)  of  200  A  of  Cr,  2000  A  of  Au  and  n  A  (n  =  0,  50, 100,  200)  of  Si.  The 
thicknesses  were  determined  using  a  quartz  crystal  microbalance  (QCM)  in  the 
evaporator  chamber  (±10  %).  Quantitation  of  the  signals  associated  with  the 
silicon  layer  (inset)  yielded  values  of  its  thickness  (error  estimated  to  be  ±10  A); 
QCM  (RBS)  50  A  (50  A);  100  A  (105  A);  200  A  (185  A).  The  spectrum  of  silicon  is 
provided  for  comparison.  The  markers  each  illustrate  the  location  of  a  particxilar 
element  relative  to  the  vacuum  interface;  for  example,  Cr  is  located  -2000  A 
beneath  the  surface.  The  assignment  of  signals  is  (eV)  Au:  2.4-2.8;  Cr:  1.9-2.0;  Si: 
1.7,  and  the  plateaus  for  E  £  1.7.  The  spectra  are  displaced  vertically  for  clarity. 
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or  silicon  was  present  at  the  surface.  By  X-ray  photoelectron  spectroscopy  (XPS), 
the  films  coated  with  silicon  exhibited  no  peaks  due  to  gold  (only  silicon,  oxygen 
and  carbon)  and  were  foxind  to  be  xinreactive  to  alkanethiols  {14).  These 
observations  suggest  that  the  silicon  layers  are  essentially  firee  of  pinholes. 

The  surfaces  were  derivatized  by  the  self-assembly  technique  (7-5).  SAMs 
were  formed  on  the  substrates  exposing  Si02  by  allowing  them  to  react  with 
CH2=CH(CH2)9SiCl3  in  hexadecane;  the  resulting  olefin  surfaces  were 
transformed  into  trifluoroacetate  surfaces  via  a  two-step  procedure  using 
BH3/H2O2  and  trifluoroacetic  anhydride  (TFAA)  (5).  SAMs  were  formed  on  gold 
by  reaction  with  HS(CH2)iiOH  in  deoxygenated  absolute  ethanol;  the  alcohol 
surface  was  converted  to  the  trifluoroacetate  by  30  s  exposxore  to  b% 
TFAA/hexanes. 

Figure  3  displays  XPS  spectra  of  representative  derivatized  substrates.  The 
figure  demonstrates  that  the  electron  flux  through  the  SAMs  decreased  as  the 
thickness  of  the  silicon  overlayer  increased.  While  peaks  directly  attributable  to 
gold  were  not  observed  when  the  silicon  overlayer  was  >  50  A,  we  believe  that  the 
photoelectrons  due  to  gold  were,  after  inelastic  collisions,  largely  responsible  for 
the  increased  baseline  (relative  to  p\ire  silicon)  for  the  samples  containing  an 
overlayer  of  silicon.  A  200-A  overlayer  of  silicon  virtually  masked  the  presence 
of  the  xmderlying  gold:  the  spectra  of  this  system  and  that  having  only  silicon 
as  substrate  are  very  similar.  Figure  3  further  establishes  that  the  intensity  of 
the  F(ls)  peak  from  the  CF3CO2  groups  of  the  SAMs  on  the  various  substrates 
were  approximately  equal:  the  different  methods  of  forming  SAMs  generated 
approximately  equal  nximbers  of  CF3CO2  groups  per  unit  area  of  surface  {15). 

The  samples  were  exposed  to  a  constant  flux  of  monochromatized  A1  Kq  X-rays 
(E  =  1486.^  eV,  anode  power  =  200  watts)  in  a  Surface  Science  SSX-100  XPS 
spectrometer  (operating  pressure  -  10*^  torr)  using  a  spot  of  size  -1  mm^. 


Figfure  3.  XPS  spectra  of  trifluroacetyl-terminated  monolayers  on  Si/Cr/Axa/Si 
substrates.  The  spectra  were  obtained  on  spots  that  had  been  previously 
unexposed  to  X-rays  and  required  ~15  min  of  exposure  to  the  beam;  .ne  amount  of 
damage  to  the  SAM  during  thir.  exposure  is  small  (<5  %).  The  spectra  have  been 
offset  horizontally  by  -10  eV  from  the  one  below  it  for  clarity;  the  spectra  have  not 
been  offset  vertically.  There  is  no  residual  gold  signal  even  in  the  thinnest  Si  film 
(50  A),  and  thus,  we  believe,  no  pinholes.  This  conclusion  is  reinforced  by  other 
experiments  reported  in  the  text.  The  hydroboration  procedure  incorporated  a 
contaminant,  Ca  (KE  -  1100  eV),  that  is  present  in  <1  atomic  %.  As  we  compare 
the  rate  of  damage  to  electron  intensity,  presence  of  an  impurity  of  Ca  is  not 
important.  Inset:  The  "universal”  curve  (20).  X,  the  inelastic  mean  free  path,  is 
defined  as  the  distance  at  which  the  probability  an  electron  tranversing  a  medium 
without  significant  energy  loss  is  1/e.  1/X  is  directly  related  to  the  probability  of  an 
electron  interacting  inelastically  with  a  medium. 
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Electrons  due  to  F(ls)  were  detected  using  a  concentric  hemispherical  analyzer 
(pass  energy  =  100  eV). 

Figure  4  summarizes  the  relative  intensity  of  the  F(ls)  peak  upon  exposure  of 
the  CF3C02*tenninated  monolayers  on  the  various  substrates  to  A1  Ka  X-rays. 
The  intensity  of  the  peak  was  measured  during  sequential  4  minute  intervals. 
With  continued  exposure  to  X-rays,  the  intensity  of  the  F(ls)  peak  decreased.  The 
amoxint  of  loss  of  fluorine  from  the  various  substrates  exposed  to  common 
numbers  of  photons  is  different  (upper  panel);  the  loss  of  fluorine  is  faster  on 
the  substrates  that  exhibit  greater  intensities  of  electrons  upon  irradiation  with 
X-rays  (Figure  3).  The  different  amounts  of  damage  that  occur  upon  exposing 
identical  monolayers  on  substrates  with  different  electron  yields  to  a  common 
intensity  of  X-rays  demonstrate  that  electrons  are,  at  some  level,  important  in 
causing  X-ray-induced  damage. 

The  relative  importance  of  photons  and  electrons  in  causing  damage  to  the 
SAMs  can  be  estimated  using  the  data  in  Figure  3.  The  flux  of  electrons  from 
the  various  substrates  xmder  a  common  flux  of  photons  is  different.  We  have 
estimated  the  relative  intensities  of  electrons  from  the  substrates  by  integrating 
{16,17)  the  XPS  spectra  in  Figure  3  over  the  energy  range  kinetic  energy  (KE)  =  387 
to  1487  eV.  We  are  limited  by  the  electrostatic  analyzer  on  the  XPS  to  quantitation 
of  electrons  of  KE  >  400  eV  and  we  acknowledge  that  there  may  be  systematic 

errors  in  estimating  the  relative  intensities  of  electrons  in  the  range  of  energies 
that  are  most  damaging  (-50  eV)  from  the  observed  yield  of  electrons  of  energies 
>  400  eV  {17,18).  In  Figure  4  (lower  panel),  we  plot  the  intensity  of  F(ls)  from  the 
various  substrates  vs.  the  number  of  electrons  to  which  the  SAM  has  been 
exposed.  To  generate  similar  doses  of  electrons,  the  samples  containing  thicker 
overlayers  of  silicon  were  exposed  to  the  X-ray  beam  longer  than  those  having 
thinner  overlayers.  The  profiles  in  Figure  4  Gower  panel)  are  remarkably 


Figure  4.  X-ray  induced  damage  to  trifluoroacetyl-terminated  monolayers  on 
Si/Cr/Au/Si  substrates  as  a  function  of  the  number  of  photons  (upper)  and 
electrons  (lower)  to  which  the  CF3CO2*  group  were  exposed.  The  intensity  of  the 
F(ls)  signal  was  determined  from  sequential  scans  (~4  min  each).  The  number  of 
electrons  from  these  samples  were  estimated  by  integrating  (.16,17)  the  XPS 
spectra  in  Figure  3.  In  the  lower  panel,  the  substrates  require  different  lengths  of 
exposvire  to  the  X-ray  beam  to  yield  similar  nximbers  of  electrons.  The  different 
rates  of  loss  evidenced  in  the  upper  panel  and  the  similarity  of  the  profiles  in  the 
lower  panel  suggest  that  the  damage  to  the  SAMs  results  primarily  from  the 
electrons  and  not  from  the  photons  themselves.  A.U.  =  arbitrary  units. 
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similar  (especially  given  that  the  substrates  had  different  lengths  of  exposure 
to  the  X-ray  beam)  and  suggest  that  the  primary  and  secondary  electrons  are 
much  more  important  in  the  damage  process  than  are  the  X-ray  photons.  The 
deviations  present  are,  we  believe,  primarily  due  to  difficulties  in  maintaining 
a  constant  photon  flux. 

While  the  present  data  do  not  determine  whether  electrons  are  solely 
responsible  for  causing  damage,  they  are,  however,  consistent  with  primary  and 
secondary  electrons  being  responsible  for  most  (and  maybe  all)  of  the  damage  to  a 
representative  organic  system  upon  irradiation  with  X-rays. 
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